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Introduction {#sec1}
============

As early as 1905, Molisch observed that, in some plants, anthocyanin pigments accumulated as amorphous structures in contrast to their more usual, soluble form within the vacuoles of plant cells \[[@bib1]\]. These membrane-bound bodies, enriched in anthocyanins, were suggested originally to be the sites of anthocyanin synthesis and called anthocyanoplasts. Anthocyanoplasts have been reported in over 70 species in 33 families of angiosperms \[[@bib2]\]. Anthocyanins are synthesized in the cytoplasm but are actively transferred by a number of transporters across the tonoplast into the vacuole or into vesicles that then empty into the vacuole \[[@bib3], [@bib4], [@bib5]\]. Anthocyanoplasts can fuse to form large anthocyanin-containing vesicles that may be cytoplasmic or vacuolar \[[@bib6]\].

In contrast to anthocyanoplasts, anthocyanic vacuolar inclusions (AVIs) occur much less commonly. The term AVI was coined for non-membrane-bound vacuolar bodies composed of irregular thread-like structures in the petals of lisianthus (*Eustoma grandiflorum*) that are stable enough to purify \[[@bib7], [@bib8]\]. In lisianthus, fusion of prevacuolar compartments with the tonoplast and release of irregular thread-like structures (AVIs) have been observed in the darkly pigmented, inner epidermal cells at the base of the petals ([Figure 1](#fig1){ref-type="fig"}A), whereas distinct spherical bodies, which are probably anthocyanoplasts, can also be observed within the vacuole of more palely pigmented epidermal cells ([Figure 1](#fig1){ref-type="fig"}B) \[[@bib7]\]. "Hard," thread-like AVIs have also been purified from mutant sectors of dianthus \[[@bib8]\] and grapevine \[[@bib9], [@bib10]\], but otherwise, localized concentrations of anthocyanins have proved recalcitrant to purification.

A clear distinction between non-membrane-bound, hard AVIs seen in the darkly colored, adaxial epidermal cells of lisianthus petals ([Figure 1](#fig1){ref-type="fig"}A) and membrane-bound, anthocyanin-rich bodies that predominate in cells of the lower abaxial petal epidermis of lisianthus ([Figure 1](#fig1){ref-type="fig"}B) was made by Grotewold and Davies \[[@bib11]\]. Unfortunately, these authors then added to the confusion by subsequently referring to both as anthocyanic vacuolar inclusions. Here, we will adhere to the original definition of AVIs by Markham et al. \[[@bib8]\] as non-membrane-bound, fibrous, vacuolar inclusions. On balance, it is likely that the formation of AVIs and the formation of membrane-bound, anthocyanin-rich vesicles involve different mechanisms.

Where AVIs have been purified, they have been shown to be composed of selected anthocyanins, possibly in association with specific proteins or lipids \[[@bib8], [@bib9], [@bib10], [@bib12]\]. Markham et al. \[[@bib8]\] suggested that anthocyanins are sequestered in AVIs primarily to increase their stability and also to give more intense, bluer color. Formation of AVIs has been suggested to be dependent on acylation of anthocyanins, particularly coumaroylation ([Figure 1](#fig1){ref-type="fig"}C) \[[@bib9], [@bib10]\]. In some other species, the recruitment of anthocyanins into AVIs has been reported to be influenced strongly by the degree of glycosylation of the anthocyanins, as shown by compositional analysis of purified AVIs \[[@bib8]\]. In most examples, high intracellular levels of anthocyanins are also closely associated with the formation of AVIs \[[@bib9]\]. Different theories concerning the formation of AVIs have arisen from studies in widely different plants, where diverse factors could influence AVI formation. We developed a system to define the factors influencing AVI formation in a single plant species, tobacco, which does not normally produce AVIs.

Results {#sec2}
=======

Aromatic Acylation of Anthocyanins Is Required for AVI Formation In Vivo {#sec2.1}
------------------------------------------------------------------------

We first developed lines of tobacco that produced high levels of anthocyanins in every cell by constitutive expression of two transcription factors, *Delila* (*Del*) and *Rosea1* (*Ros1*) from snapdragon (*Antirrhinum majus*) \[[@bib13], [@bib14]\] ([Figures 1](#fig1){ref-type="fig"}D and [2](#fig2){ref-type="fig"}Ai). Lines of *Del/Ros1* tobacco accumulated very high levels of cyanidin 3-*O*-rutinoside ([Figures 1](#fig1){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}A; [Table S1](#mmc1){ref-type="supplementary-material"}), exclusively in a soluble form within vacuoles ([Figures 1](#fig1){ref-type="fig"}D and [2](#fig2){ref-type="fig"}Ai), and no AVIs were ever observed in tissues accumulating only cyanidin 3-*O*-rutinoside. However, when these lines were crossed to a line of tobacco constitutively expressing a cyanidin 3-*O*-glucoside, *p*-coumaroyl coenzyme A (CoA) acyltransferase from *Arabidopsis* (At3AT) ([Table S1](#mmc1){ref-type="supplementary-material"}) \[[@bib15]\], the progeny accumulated anthocyanins that were present in AVIs as well as soluble in the vacuole ([Figures 1](#fig1){ref-type="fig"}E and [2](#fig2){ref-type="fig"}Aii). Analysis of the total anthocyanins in the *Del/Ros1*/*At3AT* plants revealed a mixture of cyanidin 3-*O*-rutinoside and smaller amounts of cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) ([Figures 1](#fig1){ref-type="fig"}H and [S1](#mmc1){ref-type="supplementary-material"}B). However, purified AVIs from these plants contained only cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) ([Figure 1](#fig1){ref-type="fig"}H), suggesting that acylation might be required for anthocyanin accumulation in AVIs in tobacco.

Acylation of cyanidin 3-*O*-glucoside by At3AT prevents the addition of the rhamnosyl group found in cyanidin 3-*O*-rutinoside ([Figure 1](#fig1){ref-type="fig"}C), and so, theoretically, AVIs might form because of loss of the rhamnosyl group from cyanidin 3-*O*-rutinoside, as previously suggested for AVIs in lisianthus \[[@bib8]\] rather than because of the presence of the aromatic acyl group in cyanidin 3-*O*-(6″-*O*-(*p*-coumaroyl)glucoside) \[[@bib10]\]. Consequently, we expressed constitutively a second anthocyanin acyl transferase from tomato that adds a *p*-coumaroyl group to the 4′′′ position of the rhamnose in cyanidin 3-*O*-rutinoside \[[@bib16]\]. When lines constitutively producing this enzyme (Sl3AT) were crossed to *Del/Ros1* lines, the progeny also accumulated anthocyanins in both AVIs and in soluble form ([Figures 1](#fig1){ref-type="fig"}F and [2](#fig2){ref-type="fig"}Aiii). Purified AVIs from these plants contained only cyanidin 3-*O*-(4′′′-*O*-(*p*-coumaroyl)rutinoside), although the lines also accumulated cyanidin 3-*O*-rutinoside ([Figure 1](#fig1){ref-type="fig"}I). These lines produced more AVIs than the lines expressing *At3AT* in the *Del/Ros1* background ([Figures 1](#fig1){ref-type="fig"}E and 1F), probably because of their relatively higher levels of acylated anthocyanins ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C; [Table S1](#mmc1){ref-type="supplementary-material"}), because the Sl3AT enzyme, unlike At3AT, does not compete with the endogenous rhamnosyl transferase for its anthocyanin acceptor substrate.

To determine whether hydroxylation of the B ring of the anthocyanins influences AVI formation, we expressed the enzyme encoding flavonoid 3′5′ hydroxylase (from petunia; [Table S1](#mmc1){ref-type="supplementary-material"}) \[[@bib17]\] in tobacco. These lines were crossed to *Del/Ros1* lines, and consequently, high levels of delphinidin 3-*O*-rutinoside accumulated in all cells of the progeny ([Figure S1](#mmc1){ref-type="supplementary-material"}G). However, no AVIs formed in the vacuoles of *Del/Ros1/F3′5′H* plants ([Figure 2](#fig2){ref-type="fig"}Avii). When we expressed *At3AT* in these lines, delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) together with delphinidin 3-*O*-rutinoside were produced ([Figure S1](#mmc1){ref-type="supplementary-material"}H) and AVI formation was observed in the vacuole of each cell ([Figure 2](#fig2){ref-type="fig"}Aviii). This implied that AVI formation was associated with acylated anthocyanins and that the type of anthocyanidin did not influence formation in vivo, substantially.

To address whether aliphatic acylation had a similar effect to aromatic acylation of anthocyanins, we expressed cyanidin 3-*O*-glucoside, malonyl transferase from *Chrysanthemum indicum* (*Ci3MaT1*) ([Table S1](#mmc1){ref-type="supplementary-material"}) in tobacco \[[@bib18]\]. This enzyme adds an aliphatic acyl group to the 6″ position of the anthocyanidin 3-*O*-glucoside to produce cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside). Ci3MaT1 activity is equivalent to the activity of At3AT, except that a malonyl group is added instead of a coumaroyl group to the same position on the anthocyanin acyl acceptor ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Tobacco lines accumulating cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside) in a high-anthocyanin environment (*Del/Ros1/ Ci3MaT1*) did not form AVIs ([Figure 2](#fig2){ref-type="fig"}Aiv). Our results showed that AVIs are formed in tobacco only by aromatically acylated anthocyanins when combined with high levels of anthocyanin accumulation.

Although we had shown that the formation of AVIs is dependent on anthocyanin acylation, glycosylation has been reported to affect the type or degree of AVI formation in lisianthus \[[@bib8]\]. To understand the influence of 5-*O*-glucosylation on AVI formation in a high anthocyanin environment, cyanidin 3-*O*-glucoside-5-*O*-glucoside was engineered in tobacco by expressing *At5GT*, an enzyme encoding anthocyanin 5-*O*-glucosyl transferase from *Arabidopsis* \[[@bib19]\] ([Table S1](#mmc1){ref-type="supplementary-material"}; [Figure S1](#mmc1){ref-type="supplementary-material"}E). AVIs were not observed in the cells of progeny plants ([Figure 2](#fig2){ref-type="fig"}Av).

To understand better the effect of 5-*O*-glycosylation on AVI formation by coumaroylated anthocyanins in tobacco, we generated tobacco lines expressing both *At3AT* and *At5GT* together with *Del* and *Ros1* for high-level anthocyanin production. *Del/Ros1/At3AT*/*At5GT* seedlings producing both cyanidin 3-*O*-(6″-*O*-(coumaroyl) glucoside)-5-*O*-glucoside and cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) ([Table S1](#mmc1){ref-type="supplementary-material"}; [Figure S1](#mmc1){ref-type="supplementary-material"}F) showed AVI formation in the vacuoles of the cells ([Figure 2](#fig2){ref-type="fig"}Avi).

To investigate whether flavonols could interfere with AVI formation, we generated tobacco lines expressing the AtMyb12 transcription factor, which induces flavonol production \[[@bib20], [@bib21]\], together with *Del/Ros1.* These lines showed no AVI formation ([Figure 2](#fig2){ref-type="fig"}Aix) whereas, when *At3AT* was expressed together with *AtMYB12* in *Del/Ros1* lines, formation of AVIs was observed ([Figure 2](#fig2){ref-type="fig"}Ax).

AVIs in Tobacco Are Not Membrane Bound {#sec2.2}
--------------------------------------

Recently, Chanoca et al. \[[@bib22]\] reported AVIs to be formed in *Arabidopsis* and lisianthus by a mechanism related to micro-autophagy. They suggested that anthocyanin aggregates form close to the tonoplast and are engulfed by a double membrane before being expelled into the vacuole. However, all the bodies enriched in anthocyanins described by these authors were membrane bound. The AVIs that form in the inner epidermis of lisianthus petals ([Figure 1](#fig1){ref-type="fig"}A) are not membrane bound \[[@bib7], [@bib8]\]. We examined sections of cultured tobacco cells producing high levels of anthocyanins by transmission electron microscopy ([Figure S2](#mmc1){ref-type="supplementary-material"}). We observed membrane-bound vesicles similar to those reported by Chanoca et al. \[[@bib22]\], associated with the tonoplast or free in the vacuole in tobacco cell lines producing high levels of different anthocyanins, but these were observed irrespective of whether the cells were producing non-acylated anthocyanins, aliphatically acylated anthocyanins, or aromatically acylated anthocyanins ([Figures 2](#fig2){ref-type="fig"}F and [S2](#mmc1){ref-type="supplementary-material"}B--S2G). Staining of membranes coupled with anthocyanin fluorescence imaging indicated that the membrane-bound bodies, described by Chanoca et al. \[[@bib22]\], are features of high-level anthocyanin production, possibly similar to prevacuolar compartments \[[@bib7], [@bib23], [@bib24]\], rather than features necessarily associated with AVI formation ([Figures 2](#fig2){ref-type="fig"}F and 2G). Such membrane-bound bodies likely represent intermediate stages in anthocyanin transport to the vacuole and might be equivalent to "anthocyanoplasts". These vesicles were clearly distinct from the non-membrane-bound aggregates of anthocyanins observed in *Del/Ros1/At3AT* lines producing AVIs ([Figure 2](#fig2){ref-type="fig"}F). We occasionally observed anthocyanin-containing vesicles containing brighter fluorescent lumps of material (arrowed in middle panel of [Figure 2](#fig2){ref-type="fig"}G), suggesting AVIs can form in the vesicles on their way to the vacuole.

Reconstitution of AVIs In Vitro {#sec2.3}
-------------------------------

The properties of different anthocyanins are influenced by the presence of copigments, metal ions, and vacuolar pH \[[@bib25], [@bib26]\]. Having established the importance of aromatic acylation to AVI formation in vivo, we attempted to investigate the mechanism that triggers this process in vitro. Anthocyanins were purified from the leaves of the different tobacco lines that had been generated for this study ([Figure S1](#mmc1){ref-type="supplementary-material"}; [Table S1](#mmc1){ref-type="supplementary-material"}), including cyanidin 3-*O*-rutinoside, cyanidin 3-*O*-rutinoside-5-*O*-glucoside, cyanidin 3-*O*-(6″-*O*- (coumaroyl)glucoside), cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside), cyanidin 3-*O*-(6″-*O*- (coumaroyl)glucoside)-5-*O*-glucoside, delphinidin 3-*O*-rutinoside, and delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) ([Figure S3](#mmc1){ref-type="supplementary-material"}). We initially examined the behavior of the purified anthocyanins at 50 μM concentration in water. All were completely soluble. We then tested the effect of salt concentration, using both KCl and NaCl. At 37 mM NaCl, no precipitation of non-acylated anthocyanins was observed, whereas low levels of coumaroylated anthocyanins precipitated, and precipitation increased as the salt concentration increased ([Figure 3](#fig3){ref-type="fig"}A). The sensitivity of acylated anthocyanin precipitation to KCl concentration was lower, with clear precipitates forming only above 250 mM KCl ([Figure 3](#fig3){ref-type="fig"}A).

Precipitation of anthocyanins was also tested against pH using McIlvaine's buffer \[[@bib27]\]. All anthocyanins were completely soluble at acidic pH (pH 2.6). However, solubility varied considerably above pH 4.5 or 4.6, depending on the type of side chain decoration ([Figure 3](#fig3){ref-type="fig"}B). Coumaroylated anthocyanins precipitated in McIlvaine's buffer ([Figure 3](#fig3){ref-type="fig"}B), 0.1 M sodium citrate buffer, and 0.4 M sodium acetate buffer, in and above pH 4.5. These precipitates resembled closely the AVIs observed in vivo ([Figures 2](#fig2){ref-type="fig"}A--2E). The precipitates formed by cyanidin 3-*O*-(6″-*O*-(coumaroyl) glucoside) in sodium acetate buffer at pH 4.5 and in McIlvaine's buffer at pH 7 were purified and analyzed by high-pressure liquid chromatography (HPLC), and the anthocyanins obtained from the in vitro precipitates were identical to each other and to the pure compounds ([Figure S4](#mmc1){ref-type="supplementary-material"}), indicating that the precipitates were the same as the AVIs formed in vivo. Aliphatic acylation of anthocyanin (malonylation) in cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside) did not lead to precipitation in vitro at any pH ([Figure 3](#fig3){ref-type="fig"}B).

Purified cyanidin 3-rutinoside-5-*O*-glucoside showed no precipitation at higher pH compared to coumaroylated anthocyanins, confirming our in vivo observations that 5-glucosylation does not promote AVI formation ([Figure 3](#fig3){ref-type="fig"}B). On the contrary, the presence of a 5-*O*-glucoside in cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside resulted in substantially reduced precipitation in vitro at pH 4.5 compared to cyanidin 3-*O*-(6″-*O*- (coumaroyl)glucoside) in vitro ([Figure 3](#fig3){ref-type="fig"}C). Precipitates of anthocyanins from *Del/Ros1/At3AT/At5GT* line in 0.4 M sodium acetate buffer at pH 4.5, consisting of a mixture of cyanidin 3-*O*-rutinoside-5-*O*-glucoside, cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside, cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside), and cyanidin 3-*O*-rutinoside, were purified. They contained cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside as well as cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) ([Figure S4](#mmc1){ref-type="supplementary-material"}D), confirming that 5-*O*-glucosylation of anthocyanins does not completely preclude precipitation.

We tested the effects of increasing concentrations of anthocyanins on precipitation at different pH values. Precipitation in vitro was, unsurprisingly, greater with increasing concentrations of aromatically acylated anthocyanins (compare 200 μM to 50 μM in [Figure 3](#fig3){ref-type="fig"}D). This likely explains why, in planta, AVIs are associated with high levels of anthocyanin production. Aromatically acylated anthocyanins may comprise only a small proportion of the total anthocyanins in a vacuole, requiring high levels of overall production for AVIs to be clearly visible. Consequently, we never observed AVIs in the pale pink flowers of primary tobacco transformants expressing *At3AT* or *Sl3AT* alone. AVIs were observed in tobacco only when anthocyanin levels were enhanced by expression of *Del* and *Ros1* together with *At3AT* or *Sl3AT*. Interestingly, precipitation was seen with delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) even at 50 μM concentration and precipitation increased from pH 4.6 to 7.0 but decreased thereafter as the pH increased. At the higher concentrations of 100 and 200 μM of delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside), AVI-like structures were formed between pH 4.0 to 6.6, equivalent to the vacuolar pH values we measured in the different tobacco lines and equivalent to pH values widely observed in fruits and flowers ([Figures 2](#fig2){ref-type="fig"}B and [3](#fig3){ref-type="fig"}B). For cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside), precipitation did not decrease above pH 7.0 ([Figure 3](#fig3){ref-type="fig"}B), supporting the suggestion that AVI formation is greater for cyanidin- than delphinidin-type anthocyanins \[[@bib8]\] (at least at higher pH).

We also tested the effects of increasing concentrations of flavonols (quercetin -*O*-rutinoside; rutin) on precipitation of cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) in 0.1 M sodium citrate buffer (pH 4.5). No effect of rutin (0--100 mM) was observed on precipitation in vitro ([Figure S5](#mmc1){ref-type="supplementary-material"}), confirming our in vivo observations ([Figure 2](#fig2){ref-type="fig"}Ax).

We compared the fluorescence spectra of AVIs formed in vivo in *Del/Ros1/Sl3AT* tobacco lines to those formed in vitro from anthocyanins extracted from these lines. These spectra were identical ([Figures 2](#fig2){ref-type="fig"}D and 2E), confirming the association between AVIs formed in vivo and the precipitates formed in vitro from aromatically acylated anthocyanins.

Reconstitution of AVIs In Vitro from Lisianthus Anthocyanins {#sec2.4}
------------------------------------------------------------

In the dark, central region of the inner epidermis of lisianthus petals where AVIs form ([Figure 1](#fig1){ref-type="fig"}A), the anthocyanins are aromatically acylated on the 5-*O*-glucoside, whereas the 3-*O*-glycoside residue is an undecorated galactoside. We extracted total anthocyanins from the dark basal regions of lisianthus petals in 80% acidified methanol. Dilution of these extracts to 50 μM anthocyanin in water (∼pH 6.8) had no effect on anthocyanin solubility. Dilution of the anthocyanin extract from lisianthus to 50 μM in McIlvaine's buffer (pH 4.5) or 0.1 M sodium acetate buffer at pH 4.5 or 150 mM NaCl resulted in precipitation of anthocyanins ([Figure 3](#fig3){ref-type="fig"}E), similar to the response we had observed for the aromatically acylated anthocyanins from tobacco.

Although previous reports have suggested involvement of other compounds in AVI formation, including proteins and lipids \[[@bib8], [@bib12], [@bib23], [@bib28], [@bib29]\], our in vitro studies suggested strongly that neither lipids nor proteins are essential for the formation of AVIs.

AVI Formation In Vivo Is Dependent on pH {#sec2.5}
----------------------------------------

Anthocyanins themselves are good pH indicators. We measured the vacuolar pH of AVI- and non-AVI-producing tobacco cells, and the similarity in color of the soluble anthocyanins in AVI- and non-AVI-producing root hairs suggested that there were no substantial changes in vacuolar pH in AVI-producing cells (compare [Figure 1](#fig1){ref-type="fig"}D with [Figures 1](#fig1){ref-type="fig"}E and 1F). This was confirmed by measuring vacuolar pH in cells using the pH-dependent fluorescence of the ratiometric dye 6-carboxyfluorescein \[[@bib30]\], and pH values between 5.2 and 5.5 were measured ([Figure 2](#fig2){ref-type="fig"}B), values which were very similar to cells that do not accumulate anthocyanins \[[@bib31]\].

To confirm that AVI formation in vivo is dependent on pH, as observed for the precipitation of coumaroylated anthocyanins in vitro, we grew *Del/Ros1/At3AT* and *Del/Ros1/Sl3AT* seedlings on Murashige and Skoog (MS) medium with reduced nitrate. Nitrate was removed from the medium, and nitrogen was provided in the form of 0.2 mM ammonium chloride. Nitrate depletion of this type leads to acidification of plant cells \[[@bib32], [@bib33]\]. Seedlings germinated on this medium but became chlorotic after about 3 weeks. Root hairs of *Del/Ros1/At3AT* plants formed on nitrate-depleted medium, but they were shorter than the root hairs on regular MS medium and did not contain colored pigments or AVIs ([Figures 4](#fig4){ref-type="fig"}B1 and 4B2). The cells of the roots themselves retained color that was scarlet, indicating that the cells had acidified compared to the bluer-red color of roots and root hairs of *Del/Ros1/At3AT* plants grown on the regular MS medium ([Figures 4](#fig4){ref-type="fig"}A1 and 4A2). Roots of seedlings grown on nitrate-depleted medium could be rescued by transfer back to regular MS medium, whereupon AVIs formed in their root hairs once again ([Figures 4](#fig4){ref-type="fig"}C1 and 4C2). *Del/Ros1/Sl3AT* plants developed more AVIs in their root hairs than *Del/Ros1/At3AT* plants, presumably due to the higher levels of coumaroylated anthocyanins in these lines ([Figures S1](#mmc1){ref-type="supplementary-material"} and [4](#fig4){ref-type="fig"}D). When *Del/Ros1/Sl3AT* plants were grown on nitrate-depleted medium, the root hairs that developed had low levels of AVI production, and AVIs disappeared in the root hair cells as the roots grew into the acidifying medium ([Figure 4](#fig4){ref-type="fig"}E). These experiments demonstrated that AVI formation in vivo is dependent on pH, can be prevented by acidification of cells, and can be reinstated by re-alkalinization of cells.

AVIs in Delphinium Flowers {#sec2.6}
--------------------------

Our studies with in vitro precipitates suggested that glucosylation of the 5-hydroxyl group might be critical in reducing the propensity of aromatically acylated anthocyanins to form AVIs. We searched for additional plants that might form AVIs by virtue of the fact that they made aromatically acylated anthocyanins lacking a 5-*O*-glycoside \[[@bib34]\], and we selected two varieties of delphinium, *Morning Skies* and *King Arthur*. Delphinium *Morning Skies* produced pale blue flowers ([Figure 5](#fig5){ref-type="fig"}A), with AVIs that were clearly visible under bright-field illumination and using fluorescence imaging ([Figure 5](#fig5){ref-type="fig"}C). In contrast, delphinium *King Arthur* produced violet-colored sepals ([Figure 5](#fig5){ref-type="fig"}B), in which the anthocyanins were entirely soluble ([Figure 5](#fig5){ref-type="fig"}D). Staining of membranes and fluorescence imaging of sepal cells of *Morning Skies* showed that the AVIs in this variety were not membrane bound. However, numerous membrane-bound vesicles were observed within the vacuoles of these sepal cells, some containing anthocyanins, as indicated by their red fluorescence, and others not containing anthocyanins ([Figure 5](#fig5){ref-type="fig"}E).

Extraction of the anthocyanins from the sepals of *Morning Skies* showed these to be almost exclusively cyanodelphin (a tetra-p-hydroxybenzoylated anthocyanin; [Figure 5](#fig5){ref-type="fig"}H). Analysis of anthocyanins from sepals of *King Arthur* showed these to be almost exclusively violdelphin, which lacks three sugars and two hydroxybenzoyl groups compared to cyanodelphin ([Figures 5](#fig5){ref-type="fig"}H and 5I). We tested the extracted anthocyanins for their ability to make AVIs in vitro. Anthocyanins from *Morning Skies* were soluble at pH 2.6 (McIlvaine's buffer) but showed considerable precipitation when the pH increased to 3.6. This precipitation occurred up to pH 7.0 but appeared to decline compared to the precipitation at pH 3.6. No precipitation was observed at any pH for anthocyanins extracted from sepals of *King Arthur* at 6 μg mL^−1^ nor at 30 μg mL^−1^ ([Figure 5](#fig5){ref-type="fig"}F). The fluorescence of the in vitro AVIs from *Morning Skies* was identical to the fluorescence from its in vivo AVIs ([Figures 5](#fig5){ref-type="fig"}E and 5G).

Discussion {#sec3}
==========

Anthocyanins exist in solution in several inter-convertible forms (secondary structures) with distinct colors ([Figure 6](#fig6){ref-type="fig"}): the flavylium cation; the hemiketals; the quinoidal forms; and the chalcone forms. The proportion of each anthocyanin adopting the various secondary structures is heavily influenced by pH, decoration, and other factors \[[@bib26]\], and exact knowledge of this distribution is very limited for most anthocyanins under both in vitro and in vivo conditions. [Figure 3](#fig3){ref-type="fig"}B shows that the pH-dependent reactions in slightly acidic aqueous solutions convert flavylium cations to either colorless hemiketals or to purple/blue quinoidal forms, depending on the decoration of the anthocyanin. Unlike non-coumaroylated anthocyanins, both the 3-*O*-glucosides of delphinidin and cyanidin and to a lesser extent cyanidin 3-*O* (6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside precipitate in slightly acidic solutions when they are at comparable concentrations. The colors of these precipitates are in accordance with purple/blue quinoidal forms. We propose that the aromatic acyl group folds over the pyrylium ring (C-ring of the anthocyanidin) and protects the C-2 position from nucleophilic water attack, so favoring the existence of the colored forms. The ensuing precipitation of anthocyanins in their quinoidal forms serves to maintain these colored forms over time. Without this precipitation, the remaining flavylium cations, in equilibrium with the quinoidal forms, would with time, shift toward the colorless, more thermodynamically stable hemiketals, as seen for the soluble anthocyanins without aromatic acyl groups in [Figures 3](#fig3){ref-type="fig"}B and 3C. Precipitation of anthocyanins was not observed for cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside), an analogously structured anthocyanin acylated with an aliphatic acyl group.

This suggested mechanism for precipitation is supported by the effects of increasing salt concentration, which promote precipitation of the anthocyanins with aromatic acylation ([Figure 3](#fig3){ref-type="fig"}A). Salts will increase the ionic strength of the water surrounding the anthocyanidin and reduce the power of the water molecules as nucleophiles acting on the flavylium cation, thus reducing their probability of forming colorless hemiketals. Aromatic acyl groups are known to influence the secondary structures of anthocyanins. For instance, Fernandes et al. \[[@bib35]\] compared the structure of malvidin 3-*O*-glucoside and malvidin 3-*O*-(6″-(coumaroyl) glucoside) as flavylium cations in acidic solutions by nuclear magnetic resonance (NMR). They concluded that acyl substituents seem to favor flavylium cation aggregation by two processes of interaction: formation of intramolecular complexes that involve both the double bond and the coumaric acid aromatic ring and intermolecular interactions resulting in the formation of larger aggregates \[[@bib35]\].

The presence of a 5-*O*-glucoside in cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside resulted in substantially reduced precipitation compared to cyanidin 3-*O*-(6″-*O*- (coumaroyl)glucoside) ([Figure 3](#fig3){ref-type="fig"}C). The extra glucosyl moiety at the 5-*O*-position of the anthocyanidin may explain the greater solubility of cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside compared to cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside). Alternatively, addition of glucose at the 5-hydroxyl position or elsewhere might reduce the influence of the aromatic acyl group in intramolecular stacking.

In nature, bluer shades in flowers have arisen, among other mechanisms, by the decoration of anthocyanins with aromatic acyl groups \[[@bib26], [@bib36]\]. The greater solubility of aromatically acylated anthocyanins following 5-*O*-glucosylation might provide an explanation for why aromatically acylated anthocyanins quite frequently have accompanying 5-*O*-glycosides, namely to maintain the solubility of the bluer, aromatically acylated anthocyanins within the solvent conditions prevalent in the vacuole of plant cells. A recent report suggested that 5-*O*-glucosylation of anthocyanins may have evolved early in angiosperms and been lost repeatedly in species lacking 5-*O*-glycosylated anthocyanins \[[@bib16]\]. We have found 392 different anthocyanin structures with 5-*O*-glycosylation \[[@bib37]\]. From this list, we removed 62 structures because they had not been characterized rigorously. Among the remaining 330 anthocyanins with 5-*O*-glycosylation, as many as 286 are acylated with either aliphatic and/or aromatic acyl groups. Of these, 135 have aliphatic acylation (mainly with malonic acid) of the sugar moiety located in the anthocyanidin 5-*O*-position. These structures are distributed in a variety of species within many families, and selection pressure for the retention of anthocyanin 5-*O*-glucosyl transferase (5GT) activity would allow the possibility to add an aliphatic acyl group, such as a malonyl group, to increase anthocyanin stability \[[@bib15]\] or solubility. Interestingly, among the remaining 151 species with aromatically acylated anthocyanins, only genera *Eustoma* and *Gentiana* (both family Gentiaceae) and the unrelated species, *Browallia speciosa* \[[@bib38]\], have been reported to contain anthocyanins with aromatic acylation of sugars located at the anthocyanidin 5-*O*-position. We conclude that attachment of aromatic acyl groups to the 5-*O*-glycoside has not been a prominent selective force for retaining 5-*O*-glycosylation, unlike malonylation. Perhaps it is the protective effect of 5-*O*-glucosylation against precipitation of aromatically acylated anthocyanins that means that 5GT activity has been retained in many dicot species with aromatically acylated anthocyanins.

The fact that aromatic acylation causes a bathochromic shift and a resultant bluer color by promoting intramolecular copigmentation or self-association involving quinoidal bases explains the bluing effect of AVI formation observed by Markham et al. \[[@bib8]\] in blue-gray carnation and by others in other species \[[@bib9]\]. The greater solubility of aromatically acylated anthocyanins with increasing glycosylation between pH 4.5 and 6.5 explains two additional observations of AVI formation made in different species. First, AVIs in purple lisianthus petals are enriched in the 3-galactoside, 5-(*E*-coumaroyl)glucoside and 3-galactoside, 5-(*E*-feruloyl)glucoside of delphinidin and cyanidin compared to the 3-(rhamnosyl)galactoside, 5-(*E/Z*-coumaroyl)glucoside and 3-(rhamnosyl)galactoside, 5-(*E*-feruloyl)glucoside of delphinidin in vacuolar solution \[[@bib8]\]. This has been interpreted in terms of reduced glycosylation favoring AVI formation, which fits well with our in vitro observations, whereby 5-*O*-glycosylation reduced AVI formation in tobacco. Second, AVI formation in *Arabidopsis* is reportedly enhanced in the *5gt* mutation that knocks out the activity of the anthocyanidin 5-*O*-glucosyl transferase \[[@bib22], [@bib39]\]. *Arabidopsis* produces cyanidin 3-*O*-(6″-*O*-(4-*O*-(glucosyl)coumaroyl)-2′'-*O*-(2-*O*-(sinapoyl)xylosyl)glucoside)-5-*O*-(6-*O*-(malonyl)glucoside) as its major anthocyanin \[[@bib40]\]. Removal of the 5GT activity and the accompanying stabilizing aliphatic acyl group from the anthocyanins in the *5gt* mutant might increase the relative proportion of the quinoidal forms and consequently the degree of precipitation of this anthocyanin in the vacuoles of cells producing high levels of anthocyanins.

This model for AVI formation is supported by our data from delphinium. Different varieties of delphinium producing cyanodelphin or violdelphin produced or did not produce AVIs (both in vivo and in vitro), respectively. The additional aromatic acyl groups in cyanodelphin likely have greater potential for association with the anthocyanidin than those in violdelphin, so protecting the C-2 position from hydration and the formation of the hemiketals. However, the promotion of quinoidal forms (and consequent AVI formation) is dependent on the number and type of decorating aromatic acyl groups, because violdelphin does not form AVIs whereas cyanodelphin does. This distinction is likely to be due to the orientation of the aromatic acyl groups in the anthocyanins, as determined by their own structures (for example, promotion of quinoidal forms may differ between *p*-coumaroyl and hydroxybenzoyl acyl groups), their attachments to different sugars, and their positions of attachment on the anthocyanidin molecule.

We suggest that AVIs form when the concentrations of aromatically acylated anthocyanins (or other anthocyanins with a high preponderance of quinoidal forms) reach a level that aggregates can form when the pH of the compartment is between 4.5 and 6.5. This probably occurs in the vesicles transporting the anthocyanins to the vacuole, which likely deliver both AVIs and soluble anthocyanins to the vacuole \[[@bib7], [@bib23]\] ([Figure 2](#fig2){ref-type="fig"}G). The requirements for relatively high levels of aromatically acylated anthocyanins and pH in the appropriate range for AVI formation will be met following active transport into the vesicles that convey both soluble anthocyanins and AVIs to the vacuole \[[@bib5]\]. The formation of AVIs is most likely an unavoidable feature of the chemistry of some aromatically acylated anthocyanins, and it is possible that 5-*O*-glycosylation and additional glycosylation of the 3-*O*-glycoside have been retained or have evolved, respectively, to reduce any negative effects of large amounts of precipitates in the vesicles and the vacuole. However, in some instances, AVI formation may have been harnessed to enhance the intensity of pigmentation of plant tissues, as suggested in the case of the central black region of the petals of lisianthus \[[@bib8]\].

Experimental Procedures {#sec4}
=======================

Generation of Plant Material and Growth Conditions {#sec4.1}
--------------------------------------------------

Stable transgenic tobacco plants (*Nicotiana tabacum* "Samsun") were generated through *Agrobacterium tumefaciens* (LBA4404)-mediated transformation using binary constructs expressing all genes under the control of the double 35S promoter (for details, see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

Anthocyanin Extraction {#sec4.2}
----------------------

Flower petals were extracted in 70% methanol with 0.1% HCl, 40 μL mg^−1^, and leaf material was extracted using 0.01% HCl-acidified water (for details, see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

Preparative HPLC Purification {#sec4.3}
-----------------------------

Anthocyanins were purified using a Gilson Preparative High Pressure Liquid Chromatography (Prep HPLC) System (for details, see [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}).

Author Contributions {#sec5}
====================

Investigation and methodology: K.K. and J.L. produced and characterized transgenic tobacco lines. K.K. purified the anthocyanins and studied AVI formation in vivo and anthocyanin precipitation in vitro under different conditions. I.A. performed confocal imaging of AVIs in tobacco and delphinium, and L.H. performed LC-MS runs and analysis. K.F. undertook transmission electron microscopy of tobacco cells. S.D. conducted analysis of lisianthus anthocyanins in vitro, N.A. contributed to identification of AVIs in tobacco, H.Z. conducted AVI isolation and contributed to data relating anthocyanin structure to AVI formation, and Ø.M.A. interpreted the relationships between structures of anthocyanins and their behaviors in solution. Conceptualization: S.D., H.Z., and K.D. contributed to experimental design and data interpretation for lisianthus. Writing the manuscript: K.K., K.D., Ø.M.A., I.A., and C.M. co-wrote the manuscript. All authors read and approved the manuscript.
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![Anthocyanin Accumulation and AVI Composition\
(A) AVIs in cells of the adaxial epidermis of the base of a lisianthus petal.\
(B) Anthocyanoplasts or circular vesicles in cells of the abaxial epidermis of the mid part of a lisianthus petal.\
(C) General structure of an anthocyanin molecule: R^1^ = H, R^2^ = H, R^3^ = H, R^4^ = H is pelargonidin 3-*O*-glucoside (Pel3G); R^1^ = OH, R^2^ = H, R^3^ = H, R^4^ = H is cyanidin 3-*O*-glucoside (Cy3G); R^1^ = OH, R^2^ = OH, R^3^ = H, R^4^ = H is delphinidin 3-*O*-glucoside (Del3G); R^1^ = OH, R^2^ = H, R^3^ = rhamnosyl, R^4^ = H is cyanidin 3-*O*-rutinoside (Cy3R); R^1^ = OH, R^2^ = OH, R^3^ = rhamnosyl, R^4^ = H is delphinidin 3-*O*-rutinoside (Del3R); R^1^ = OH, R^2^ = H, R^3^ = coumaroyl, R^4^ = H is cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) (Cy3couG); R^1^ = OH, R^2^ = OH, R^3^ = coumaroyl, R^4^ = H is delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) (De3couG); R^1^ = OH, R^2^ = H, R^3^ = malonyl, R^4^ = H is cyanidin 3-*O*-(6″-*O*-(malonyl) glucoside) (Cy3malG); R^1^ = OH, R^2^ = H, R^3^ = H, R^4^ = glucosyl is cyanidin 3,5-*O*-diglucoside (Cy3G5G); and R^1^ = OH, R^2^ = H, R^3^ = coumaroyl, R^4^ = glucosyl is cyanidin 3-*O*- (6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside (Cy3couG,5G).\
(D) Root hairs of *Del*/*Ros1* tobacco seedling showing accumulation of high levels of soluble anthocyanins.\
(E) Root hairs of *Del*/*Ros*/*At3AT* tobacco seedling showing the accumulation of soluble anthocyanins and anthocyanic vacuolar inclusions (AVIs) as dense, pigmented aggregates.\
(F) Root hairs of *Del*/*Ros*/*Sl3AT* tobacco seedling showing AVIs as dense, pigmented aggregates.\
(G) HPLC profile of total anthocyanin (cyanidin 3-*O*-rutinoside) of *Del*/*Ros1* lines.\
(H) HPLC profiles of total anthocyanins (black, above) and anthocyanins extracted from purified AVIs (red, below) of *Del*/*Ros*/*At3AT* lines. Cyanidin 3-*O*-(6″-*O*-(coumaroyl) glucoside) was found in AVIs.\
(I) HPLC profiles of total anthocyanins (black, above) and anthocyanins extracted from AVIs (red, below) of *Del*/*Ros*/*Sl3AT* lines. Cyanidin 3-*O*-(6″-*O*-(coumaroyl) rutinoside) was detected in AVIs.\
See also [Figure S1](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![AVI Formation In Vivo in Tobacco Lines Accumulating High Levels of Anthocyanins\
(A) Bright-field images of callus cells generated from stable transgenic lines accumulating high levels of cyanidin 3-*O*-rutinoside together with different decorated anthocyanins. (i) Callus cells from *Del*/*Ros1* lines accumulating high levels of cyanidin 3-*O*-rutinoside, (ii) *Del*/*Ros1*/*At3AT* accumulating cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside), (iii) *Del*/*Ros1*/*Sl3AT* accumulating cyanidin 3-*O*-(6″-*O*-(coumaroyl)rutinoside), (iv) *Del*/*Ros1*/*Ci3MAT* accumulating cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside), (v) *Del*/*Ros1*/*At5GT* accumulating cyanidin 3-*O*-glucoside-5-*O*-glucoside, (vi) *Del*/*Ros1*/*At3AT/At5GT* accumulating cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)-5-*O*-glucoside, (vii) *Del*/*Ros1*/*PhF3′5′H* accumulating delphinidin 3-*O*-rutinoside, (viii) *Del*/*Ros1*/*At3AT/PhF3′5′H* accumulating delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside), (ix) *Del*/*Ros1*/*AtMYB12* accumulating cyanidin 3-*O*-rutinoside,and rutin, and (x) *Del*/*Ros1*/*AtMYB12/At3AT* accumulating cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) and rutin are shown. All lines produced significant levels of cyanidin 3-*O*-rutinoside and lower levels of the modified anthocyanins, as shown in [Figure S1](#mmc1){ref-type="supplementary-material"}. Lines accumulating cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside) ([Figure S1](#mmc1){ref-type="supplementary-material"}D), cyanidin 3-rutinoside-5-*O*-glucoside ([Figure S1](#mmc1){ref-type="supplementary-material"}E), and delphinidin 3-*O*-rutinoside ([Figure S1](#mmc1){ref-type="supplementary-material"}G) did not form AVIs. Lines accumulating cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) ([Figure S1](#mmc1){ref-type="supplementary-material"}B), cyanidin 3-*O*-(4′′′-*O*-(coumaroyl)rutinoside) ([Figure S1](#mmc1){ref-type="supplementary-material"}C) cyanidin 3-*O*-(6″- *O*-(coumaroyl)glucoside)-5-*O*-glucoside along with cyanidin 3-*O*-(6″-*O-*(coumaroyl)glucoside) ([Figure S1](#mmc1){ref-type="supplementary-material"}F), and delphinidin 3-*O*-(6″-*O-* (coumaroyl)glucoside) ([Figure S1](#mmc1){ref-type="supplementary-material"}H) formed AVIs (white arrows). Calluses accumulating high levels of anthocyanins and flavonols did not form AVIs (ix) unless aromatically acylated anthocyanins were also present (x). AVIs formed as dense pigmented aggregates and did not appear to have a surrounding membrane.\
(B) Optical sections showing anthocyanin auto-fluorescence in the leaf epidermis of selected transgenic tobacco lines that were used to generate the callus cells, shown in (A). Genotypes are as indicated. AVIs appeared as bright fluorescent signals (white arrows) surrounded by soluble anthocyanins with lower fluorescence intensities in the *Del*/*Ros1*/*At3AT* and *Del*/*Ros1*/*Sl3AT* lines. Cells of *Del/Ros1* plants contained only soluble anthocyanins with constant anthocyanin fluorescence intensities. Graphs on the left side of each image show the pH measured in vacuoles of each line.\
(C) Maximum-projection images of anthocyanin auto-fluorescence from z stacks of callus cells, indicating the three-dimensional structures of the vacuoles. AVIs were extended throughout large parts of the vacuole and were observed only in cells of the *Del*/*Ros1*/*At3AT* and *Del*/*Ros1*/*Sl3AT* lines.\
(D) In vitro AVI reconstruction from anthocyanin extracts of *Del*/*Ros1*/*Sl3AT* lines with cyanidin 3-*O*-(6″-*O*-(coumaroyl)rutinoside) in McIlvaine's buffer at different pH (left panel) and auto-fluorescence of an in vitro reconstructed AVI (right panel) under the same imaging conditions used for epidermal and callus cells, shown in (B).\
(E) Emission spectrum of soluble anthocyanins in vacuoles of *Del*/*Ros1* (pink dots) and *Del*/*Ros1*/*Sl3AT* cells (light purple dots), AVIs in *Del*/*Ros1*/*Sl3AT* cells (dark purple dots), and in vitro reconstructed AVIs (blue dots) from cyanidin 3-*O*-(6″-*O*-(coumaroyl)rutinoside extracts. All lines showed similar emission spectra, with higher fluorescence intensities of AVIs in *Del*/*Ros1*/*Sl3AT* cells compared to soluble anthocyanins. A pBin19 empty vector line without anthocyanin accumulation showed no fluorescence under the same conditions (gray dots).\
(F) Optical section of FM1-43-stained callus cells of different tobacco lines (left panel), anthocyanin auto-fluorescence in the same cells (middle panel), and merged images (right panel) showing membranes in green and anthocyanins in magenta pseudo-colors. No anthocyanins were apparent in cells of tobacco transformed with the empty vector (pBin19, upper row). Middle row shows a cell of the *Del/Ros1* tobacco line producing high levels of cyanidin 3-*O*-rutinoside. Small arrows show vesicles stained by FM1-43 that either contain or do not contain anthocyanins. The inset shows an enlarged image of the region marked by a dotted line. Bottom row shows a cell of the *Del/Ros1/At3AT* tobacco line producing AVIs. The large white arrow indicates the AVI, which is not surrounded by a membrane but free in the vacuole.\
(G) Close-up images of FM1-43-stained anthocyanin-rich cells as shown in the right-hand panel in (F). Intra-vacuolar membrane-bound bodies without anthocyanins containing a membrane-bound anthocyanin-filled vesicle (open arrow) are common features of anthocyanin-rich tobacco cells, independent of whether they produce aromatically acylated or non-acylated anthocyanins (left and right panels). Additionally, small bright fluorescent AVIs were found outside the vacuole in membrane-bound anthocyanin-filled bodies in the cytoplasm but only in lines producing aromatically acylated anthocyanins (middle panel). Cy, cytoplasm; Vac, vacuole.\
Scale bars represent 30 μm in (A), 25 μm in (B) and (C), 10 μm in (F), and 2 μm in (G) and inset in (F). See also [Figures S1](#mmc1){ref-type="supplementary-material"}, [S2](#mmc1){ref-type="supplementary-material"}, and [S5](#mmc1){ref-type="supplementary-material"}.](gr2){#fig2}

![Effects of Salt, pH, and Concentration on Precipitation of Anthocyanins In Vitro\
(A) The effects of increasing concentrations of salt were tested using KCl and NaCl. Delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside) at 50 μM was tested.\
(B) The effects of increasing pH on purified anthocyanins was studied in McIlvaine's buffer at increasing pH: 50 μM (C3R; cyanidin 3-*O*-rutinoside, C3R5G; cyanidin 3-*O*-rutinoside-5-*O*-glucoside), C3couG; cyanidin 3-*O*-(6″-*O*-(coumaroyl)glucoside); C3malG; cyanidin 3-*O*-(6″-*O*-(malonyl)glucoside), C3couG5G; cyanidin 3-*O*-(6″- *O*-(coumaroyl) glucoside)-5-*O*-glucoside, D3R; delphinidin 3-*O*-rutinoside), and D3couG; delphinidin 3-*O*-(6″-*O*- (coumaroyl)glucoside). AVI formation was clearly associated with coumaroylation and increased with increasing pH.\
(C) 5-*O*-glucosylation increased anthocyanin solubility and reduced AVI formation in vitro, as evident from the reduced precipitation of 50 μM C3couG5G compared to 50 μM C3couG in sodium acetate buffer at pH 4.5.\
(D) Effect of concentration of anthocyanin on AVI formation in vitro was studied in McIlvaine's buffer at increasing pH using purified anthocyanins: 50 μM; 100 μM; and 200 μM each (C3R; cyanidin 3-*O*-rutinoside, D3R; delphinidin 3-*O*-rutinoside, D3couG; delphinidin 3-*O*-(6″-*O*-(coumaroyl)glucoside)). The concentrations of anthocyanins tested were higher than in most natural situations. Irrespective of concentration, no AVI formation was seen with non-acylated anthocyanins in vitro.\
(E) Pure pelargonidin 3-*O*-glucoside,5-*O*-glucoside (P3,5 diG), a crude extract of anthocyanins, and HPLC-purified anthocyanins from lisianthus were prepared at 50 μM in water (A), in sodium acetate buffer at pH 4.5 (B), in McIlvaine's buffer at pH 4.5 (C), and in 150 mM NaCl (NaCl). Both buffers at pH 4.5 as well as 150 mM NaCl gave rise to precipitation of anthocyanins (in vitro AVI formation).\
See also [Table S1](#mmc1){ref-type="supplementary-material"} and [Figures S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Effect of Modification of pH on AVI Formation In Vivo\
(A1 and A2) Roots of *Del/Ros1/At3AT* seedlings grown on MS medium (0.6% agar).\
(B1 and B2) Roots of *Del/Ros1/At3AT* seedlings grown on MS medium without nitrate but with 0.2 mM ammonium chloride (0.6% agar). Roots appeared redder, but no AVIs were seen in either the roots or root hairs.\
(C1 and C2) Roots of *Del/Ros1/At3AT* seedlings returned to MS medium following growth on MS medium without nitrate but with 0.2 mM ammonium chloride (0.6% agar). AVIs were again apparent in root hairs and roots.\
(D) Root of *Del/Ros1/Sl3AT* seedling grown on MS medium (0.6% agar).\
(E) Root of *Del/Ros1/Sl3AT* seedling grown on MS medium without nitrate but with 0.2 mM ammonium chloride (0.6% agar). The color of the root is redder, and there are many fewer AVIs than seen on regular MS medium (D).\
Scale bars represent 400 μm for (A), (B), and (C) and 1 mm for (D) and (E).](gr4){#fig4}

![AVI Formation in Delphinium Flowers\
(A) Open flowers of the light blue and bluish-purple delphinium cultivars *Morning Skies* (left) and *King Arthur* (right).\
(B) Sepals of flowers as shown in (A). ab, abaxial side; ad, adaxial side.\
(C) Bright-field image (left) and z stack maximum-projection image of anthocyanin auto-fluorescence (right) of adaxial sepal cells of delphinium *Morning Skies*. AVIs (white arrows) appeared as reddish to bluish amorphous structures in bright field. Soluble anthocyanins were barely visible. Fluorescence images were taken with low gain to avoid saturation of signals from AVIs. Soluble anthocyanins were not visible under these conditions due to their weaker fluorescence intensity. A single cell is outlined by a dotted line.\
(D) Bright-field image (left) and maximum-projection image of anthocyanin auto-fluorescence (right) of adaxial sepal cells of delphinium *King Arthur* comparable to images for *Morning Skies*, shown in (C). Both images show only soluble anthocyanins and no amorphous structures nor differences in anthocyanin fluorescence intensities in contrast to *Morning Skies*.\
(E) Optical section of FM1-43-stained adaxial sepal cells (left panel), anthocyanin auto-fluorescence in the same cells (middle panel), and merged images (right panel) showing membranes in green and anthocyanins in magenta pseudo-colors. Sepal cells of *Morning Skies* (upper row) contained soluble anthocyanins (SA) and brightly fluorescent AVIs in their vacuoles (filled arrow), as well as intra-vacuolar membrane-bound domains of different sizes (open arrows). AVIs were absent in *King Arthur* (lower panel) but contained intra-vacuolar membranes similar to *Morning Skies*.\
(F) In vitro AVI reconstruction from anthocyanin crude extracts in McIlvaine's buffer at changing pH. Anthocyanin precipitates (black arrows) were most prominent in extracts from *Morning Skies* at pH 3.6 and 4.6 but were absent at pH 2.6 (upper panel). No precipitation is seen with anthocyanins from *King Arthur* flowers, at the same concentration as anthocyanins from *Morning Skies* (middle panel) or with five times higher concentration (lower panel).\
(G) Auto-fluorescence of insoluble anthocyanins from *Morning Skies* in McIlvaine's buffer (pH 4.6).\
(H) HPLC chromatogram of methanol extracts from *Morning Skies* flowers (light-blue line), in-vitro-reconstructed AVIs (dark blue line), and *King Arthur* flowers (purple line), recorded at 525 nm. Numbered peaks were identified by liquid chromatograph mass spectrometry-ion trap-time of flight. The main compounds are violdelphin (vid) (peak 2) and cyanodelphin (cyd) (peak 4).\
(I) Structures of violdelphin and cyanodelphin. For peak identification, see [Table S2](#mmc1){ref-type="supplementary-material"}.\
Scale bars represent 1 mm in (B); 25 μm in (C), (D), and (E); and 5 μm in the insets in (E).](gr5){#fig5}

![Structural Transformations of Anthocyanidin Forms as a Function of pH\
C~E~ and C~Z~, chalcones (retrochalcones); Fl, flavylium cation; He, hemiketals (carbinol pseudobases); Qu~7~ and Qu~4'~, quinoidal bases; Qu^--^~74'~, ionized quinoidal base; X, glycosyl. The individual cyanidin forms are given with their colors as background.](gr6){#fig6}
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